Asthma is a complex heritable inf lammatory disorder of the airways associated with clinical signs of atopy and bronchial hyperresponsiveness. Recent studies localized a major gene for asthma to chromosome 5q31-q33 in humans. Thus, this segment of the genome represents a candidate region for genes that determine susceptibility to bronchial hyperresponsiveness and atopy in animal models. Homologs of candidate genes on human chromosome 5q31-q33 are found in four regions in the mouse genome, two on chromosome 18, and one each on chromosomes 11 and 13. We assessed bronchial responsiveness as a quantitative trait in mice and found it linked to chromosome 13. Interleukin 9 (IL-9) is located in the linked region and was analyzed as a gene candidate. The expression of IL-9 was markedly reduced in bronchial hyporesponsive mice, and the level of expression was determined by sequences within the qualitative trait locus (QTL). These data suggest a role for IL-9 in the complex pathogenesis of bronchial hyperresponsiveness as a risk factor for asthma.
Atopic asthma is a serious chronic illness characterized by one or more symptoms, including episodic shortness of breath, wheezing, coughing, and chest tightness (1) . These nonspecific symptoms are generally characterized as intermittent and are associated with reversible airway obstruction and bronchial hyperresponsiveness. The recognition that specific genetic and environmental factors appear to be important in the etiology of atopic asthma has led to an intensive search for those factors that significantly influence susceptibility to this disorder (2) .
Clinical and physiologic studies of asthma reveal an association with widespread narrowing of the airways caused by edema and the infiltration of numerous inflammatory cells into the wall of the airway lumen. These cells include eosinophils, mast cells, IgE-producing plasma cells, and a specific subset of activated T cells referred to as Th2 lymphocytes (1, 2) . Although the precise biologic mechanism underlying these cellular responses is unknown, it is clear that complex interactions between these cells in the airway in response to antigen lead to the elaboration of cytokines and other inflammatory proteins that produce chemical mediators that are critical in this disorder (2) . Despite these insights, a clear understanding of the pathogenesis of atopic asthma is lacking.
Genetic susceptibility to atopic asthma is likely to be multigenic (2) (3) (4) . Biologic variability in the allergic and inflammatory response, and a clear recognition of the importance of IgE and various cytokines in this response, has stimulated analyses of candidate genes for genetic variability in structure and function. Recently, a major gene for asthma was localized to chromosome 5q31-q33 in humans (3, 4) . Although the gene(s) predisposing to asthma, bronchial hyperresponsiveness, and atopy have not yet been identified from this chromosomal region, 5q31-q33 is known to be syntenic, or to share chromosomal architecture with segments of mouse chromosomes 11, 13, and 18 (5) . Chromosome 5q31-q33 contains numerous gene candidates that may potentially play a role in the airway inflammation associated with atopic asthma, such as cytokines, growth factors, and growth factor receptors. In particular, interleukin 9 (IL-9) was suggested as a likely candidate on the basis of linkage disequilibrium between log serum total IgE levels and a marker within this gene (6) .
We show here that significant differences in bronchial responsiveness between hyporesponsive C57BL͞6J (B6) and hyperresponsive DBA͞2J (D2) mice is determined in part by a qualitative trait locus (QTL) which maps to the syntenic region of chromosome 13. Based on these findings, we evaluated IL-9 as a gene candidate. We found that bronchial hyporesponsiveness is associated with a greatly reduced steady-state of IL-9 levels which is related to a genetic alteration at the B6 locus. This finding was reflected in reduced levels of this cytokine in the lungs of B6 mice as compared to the bronchial hyperresponsive D2 mice. These data identify IL-9 as one gene candidate in the complex pathogenesis of bronchial hyperresponsiveness, a critical factor in the asthmatic response.
MATERIALS AND METHODS
Mice. The following studies conformed to the principles for laboratory animal research outlined by the Animal Welfare Act and the Department of Health, Education, and Welfare (National Institutes of Health) guidelines for the experimental use of animals and were approved by the Institutional Animal Care and Use Committee. Male and female DBA͞2 (D2), C57BL͞6 (B6), and BXD recombinant inbred (RI) mice 5 to 6 weeks of age were purchased from The Jackson Laboratory. The animals were not maintained in specific pathogen free conditions. The animal housing facilities were maintained at 22°C with a light cycle of 10͞14 h light͞dark. Food and water were present ad libitum.
Phenotyping. To determine the bronchoconstrictor response, respiratory system pressure was measured at the trachea and recorded before and during exposure to drug. Mice were anesthetized and instrumented as described (7) . The bronchoconstrictor response to atracurium was assessed by the change in peak inspiratory pressure (P pi ) integrated over time. This parameter termed the airway pressure time index (APTI) is a simple and repeatable measure of the change in P pi highly correlated with and respiratory system resistance and elastance following a bronchoconstrictor challenge (8) .
Linkage Analysis. Genetic mapping methods were used to test for evidence of linkage between airway responsiveness and markers in the mouse genome in the regions syntenic to human chromosome 5q31-q33. Four intervals on three mouse chromosomes were considered, 11, 13, and 18 (see Fig. 1 ). Linkage analyses were performed by using publicly available genotype data for the 26 BXD RI compiled by R. W. Elliot and electronically distributed at http:͞͞mcbio.med.buffalo.edu͞ rweRIdata5.97.seq.hqx. The QTL used was the log 10 transformed mean value for the APTI phenotype measured for each line.
Single locus association and interval mapping results were calculated by using a likelihood ratio statistic (9) , as implemented in MAPMANAGER/QT 9 (version 1.5b). The APTI QTL was walked through the chromosome maps of interest in 1-cM steps. Multiple comparison adjustments for the chromosomewide linkage tests performed were made by using the MAPMANAGER/QT implementation of the permutation method of Churchill and Doerge (10) . In this analysis, the QTL phenotypes were randomly permuted while holding the marker genotyping constant. A total of 10,000 permutations were performed. This test provides an empiric multiple comparisons adjusted assessment of the observed linkage to a given location.
Genotyping. Exons and portions of the surrounding introns of the murine IL-9 gene were amplified from genomic DNA from the B6 and D2 mouse by PCR with the following primers: exon 1 sense (5Ј-AGC TAG ACT GGA AGA TGC TG-3Ј) and antisense (5Ј-CCT ACA GTA GGC AAA GAG-3Ј) (product size, 250 bp); exons 2 and 3 sense (5Ј-AAG GGG GCT CAA CTC ACT G-3Ј) and antisense (5Ј-CGT GAT TTC TCT TCA AAG CG-3Ј) (product size 254 bp); exon 4 sense (5Ј-TGA AAG CAG TCC TAG GCA G-3Ј) and antisense (5Ј-TGG GCC TAC CTG CTC TAA C-3Ј) (product size 330 bp); exon 5 sense (5Ј-CTG CTA GGA GTG TAT TGC TG-3Ј) and antisense (5Ј-CAC AAA AGG GCC TTG GTC-3Ј) (product size 295 bp); 5Ј flanking region sense (5Ј-CAA GGC CAA TGC TAG CAA G-3Ј) and antisense (5Ј-AGG ATG TAT GTC ACC AAC ATG-3Ј) (product size 657 bp); 3Ј flanking region sense primer (5Ј-TGC AAA GGC AGA AAA GCC G-3Ј) and antisense (5Ј-CCA AGT CTT TGC TCC ATC C-3Ј) (product size 317 bp).
Primary Cell Cultures and Cell Lines. Murine splenocytes were isolated from age matched mice and prepared as described (11) . One hundred thousand cells were plated per well in 96-well plates and stimulated with Con A (Sigma) and harvested as described above (11) .
Reverse Transcriptase-PCR (RT-PCR).
Total RNA were isolated from cells and lung tissues by using the Trizol method as described by the manufacturer (GIBCO͞BRL). Lung tissues were carefully dissected from hilar lymph nodes prior to use. Equal amounts of total RNA were reverse transcribed and amplified by using appropriate primers by PCR as described (12) . Products were electrophoresed on 2% agarose gels and analyzed by ethidium bromide staining and͞or Southern blot by using internal oligonucleotides as probes as described (13) . Primer sets used were as follows: murine (m)IL-4 (GenBank database accession no. M25892): 5Ј-ACC ACA GAG AGT GAG CTC G-3Ј (centered at nt 280 of the cDNA) and 5Ј-ATG GTG GCT CAG TAC TAC G-3Ј (centered at position nt 505 of the cDNA) which produce a 254-bp product; mIL-5 (GenBank database accession no. X06270): 5Ј-TTG AGT GTT CTG ACT CTC AG-3Ј (centered at nt 74 of the cDNA) and 5Ј-GAA CTG CCT CGT CCT CCG-3Ј (centered at nt 375 of the cDNA), which produce a 321-bp product; mIL-9: 5Ј-AGC TAG ACT GGA AGA TGC TG-3Ј [centered at nt 603 of the gene (17)] and 5Ј-AAA TAG CAT CTG TCT TCA TGG-3Ј [centered at nt 3512 of the gene (17)] which produces a 497-bp product; m␥-interferon (IFN) (GenBank database accession no. K00083): 5Ј-GCT CTG AGA CAA TGA ACG-3Ј (centered at nt 69 of the cDNA) and 5Ј-CAG GTG TGA TTC AAT GAC GC-3Ј (centered at nt 354 of the cDNA), which produce a 304-bp product; ␤-actin was amplified as previously described (12); Dhfr (GenBank database accession no. L26316): 5Ј-TCG ACC ATT GAA CTG CAT CG-3Ј (centered at position nt 70 of the cDNA) and 5Ј-CTT TAC TTG CCA ATT CCG G-3Ј (centered at position nt 372 of the cDNA), which produce a 323-bp product; Gli-3 (GenBank database accession no. X95255): 5Ј-ACG AGA ACA GAT GTC AGC G-3Ј (centered at position nt 253 of the cDNA) and 5Ј-AAG GCA GGG AAA AGA TGA GG-3Ј (centered at position nt 554 of the cDNA), which produce a 320-bp product; Caml (GenBank database accession no. U21960): 5Ј-CGA GAA GAA GGT GAA GAC G-3Ј (centered at position nt 739 of the cDNA) and 5Ј-CCC CTT TTA GAG ACT CTG C-3Ј (centered at position nt 980 of the cDNA), which produces a 260-bp product. The oligonucleotide probes used for Southern blots were as follows: mIL-4 (5Ј-CTT CCA AGG TGC TTC GC-3Ј) (centered at position nt 305 of the cDNA); mIL-5 (5Ј-TGA GCA CAG TGG TGA AAG AG-3Ј) (centered at position nt 126 of the cDNA); mIL-9 (5Ј-AAT TAC CTT ATT GAA AAT CTG AAG-3Ј) (centered at position nt 643 of the gene); m␥-IFN (5Ј-CTA CAC ACT GCA TCT TGG C-3Ј) (centered at position nt 84 of the cDNA).
Heteronuclear RNA Transcript Analyses. Total RNA were prepared from 24-h Con A-stimulated (B6D2)F 1 splenocytes as described above. RNA samples were treated twice with RNase-free DNase (Promega) following the manufacturer's suggestion. RNA were reverse transcribed and PCR amplified for the intronic segment containing the polymorphic CA repeat marker in intron 3 of the murine IL-9 gene (14) by using the sense primer 5Ј-CTG TGG TAA GTC CAG ATT TG-3Ј (centered at nt 1295 of the published gene) and the antisense primer 5Ј-GGA AAG AGT AGG AAG ATG CC-3Ј centered at nt 1425 of the published gene) resulting in a product of approximately 150 bp. The PCR fragment was then cloned into the T-tailed TA cloning vector (Invitrogen) following the manufacturer's protocol. Recombinant clones were analyzed via direct PCR by using an internal sense primer 5Ј-GGC AGG GAT CAT CTA GAT ATC-3Ј (centered at nt 1341) and the same antisense primer containing a 5Ј FAM-6 label (Applied Biosystems). Products were electrophoresed on an Applied Biosystems model 373 automated sequencer, and allele sizes were determined by using GENESCAN/GENOTYPER software programs. To further confirm the identity of the resultant products, 10 recombinant clones were sequenced by using M13 forward and reverse primers contained within the cloning vector.
Western Blot Analyses. Lung tissues were derived from various mice, dissected free of hilar lymph nodes, and snap frozen in liquid nitrogen. Sections (3 mm 3 ) were resuspended in 500 l of 2ϫ SDS lysis buffer (60 mM Tris, pH 6.8͞2% SDS͞0.1 M 2-mercaptoethanol͞0.1% bromo-phenol blue) and boiled for 5 min. Twenty microliters of each lysate was electrophoresed on 18% Tris-glycine SDS͞PAGE gels and electroblotted onto Immobilon-P (Millipore) membrane in transfer buffer (48 mM Tris͞40 mM glycine͞0.0375% SDS͞ 20% methanol). Filters were blocked overnight in blocking buffer (TBS, 0.05% Tween-20͞5% powdered milk). Filters were probed with polyclonal goat anti-murine IL-4, IL-5, and IL-9 (R & D Systems) and a secondary horseradish peroxidase conjugated anti-goat (Pierce) and prepared for chemiluminescence.
the syntenic regions tested. Single locus linkage results determined in the BXD RI lines showed a significant relationship between marker D13Ncvs44 and the APTI QTL (nominal P ϭ 0.0019) (Fig. 1) . No significant evidence for QTL linkage was observed for chromosomes 11 or 18. The permutation test of Churchill and Doerge (10) was used to assess significance after adjusting on a comparison basis for the multiple comparisons performed on chromosome 13. Even after this multiple comparisons adjustment, the APTI QTL was still significantly linked to this region (P ϭ 0.0177).
Four of the RI lines (BXD-2, -6, -18, and -32) demonstrated an APTI intermediate in comparison to either parental strain (Table 1) . To test whether these strains were potentially misclassified with respect to phenotype, and whether this might impact linkage, analyses were conducted without BXD strains 2, 6, 18, and 32. These strains display a mean response greater than 1 standard deviation below the D2 and above the B6 mean responses. When these four lines were excluded from the analysis, the significance of the putative QTL association increased to P ϭ 0.00094 (multiple comparisons adjusted P ϭ 0.0226). The inclusion of these intermediate strains, therefore, does not alter the localization of this QTL.
This QTL is located on the midportion of chromosome 13 (Fig. 1) . The D13Ncvs locus was observed to explain 44% of the APTI phenotype variance with an additive component of 0.45. The known positional candidates in the linked region of chromosome 13 include calcium modulating cyclophilin ligand (Caml) (Mouse Genome Database WWW site) and IL-9 (Il9) (15, 16) . IL-9 mRNA and Protein Levels Differ Significantly Between B6 and D2 Mice in Splenocytes and Lungs. Homology mapping of bronchial responsiveness in mice to the syntenic region including IL-9 prompted us to search for functional or structural changes at this candidate locus. We first sequenced each exon and the surrounding RNA spice site consensus sequence of the coding regions of the IL-9 gene from the B6 and D2 strains and found no sequence variation. We next isolated RNA from mitogen-stimulated splenocytes to see whether alternative splice variants could be detected that would suggest a lesion within an intron. Although no splice variants were identified, a distinct difference in IL-9 expression was observed between the two strains (Fig. 2) . Induction of IL-9 mRNA occurs by 12 h in D2-stimulated splenocytes and returns to baseline after approximately 48 h. In contrast, the B6 splenocytes did not produce detectable levels of IL-9 message (Fig. 2 A) . These data suggest a genetic alteration at FIG. 1. Synteny and linkage homology for bronchial responsiveness implicate IL-9 candidate. (A) The likelihood ratio 2 statistic curve on mouse chromosome 13 for bronchial responsiveness in 24 BXD RI strains that are derived from the hyporesponsive C57BL͞6J and the hyperresponsive DBA͞2J progenitor strains. The log10 transformed mean value for the APTI phenotype measured for each RI line was used to generate the likelihood ratio 2 statistic curve. The permutation test of Churchill and Doerge (10) was used to assess significance after adjusting on a comparison basis for the multiple comparisons performed on chromosome 13. The threshold for significant linkage was 9.1 for the 2 statistic after this multiple comparisons adjustment. (B) Illustration of the genetic map of human chromosome 5q31-q33 and syntenic regions in the mouse. The region of human chromosome 5q31-q33 demonstrating significant evidence for linkage with BHR is homologous to portions of mouse chromosomes 11, 13, and 18 which contain numerous candidate genes including chromosome 11: IL-4 (IL4), IL-5 (IL5), granulocyte macrophage stimulating factor (CSF2); IL-13 (IL13), immune regulatory factor 1 (IRF1); ␥ amino butyric acid receptor A1 (GABRA1); chromosome 13: IL-9 (IL9), and chromosome 18: adrenergic receptor ␤ 2 (ADRB2); glucocorticoid receptor 1 (GRL1); fibroblast growth factor acidic (FGFA); platelet-derived growth factor receptor (PDGFR); colony stimulating factor receptor 1 (CSF1R); early growth response element 1 (EGR1). Relative map positions in cM are illustrated to the right of each candidate in the mouse (centromere representing 0 cM). the B6 locus that effects steady-state levels of mRNA either through reduced production or more rapid elimination. In an attempt to identify an alteration in potential regulatory or stability elements, we analyzed the published 531-bp 5Ј and the 285-bp 3Ј flanking regions of the IL-9 gene (17) . Analyses of these regions of the IL-9 gene did not identify any variants between the B6 and D2 mice that could have explained the variability in message levels. Western blot analyses were performed on the lungs of D2 and B6 mice to determine whether IL-9 levels differed in the lungs of these mice. As shown in Fig. 2B , significant differences in IL-9 levels were detected between these strains whereas the TH2 cytokines IL-4 and IL-5 appear to have similar steadystate levels. Interestingly, IL-9 levels of (B6D2)F 1 mouse lungs appeared to be intermediate to B6 and D2 levels, perhaps reflecting expression of a single allele, presumably from the D2 strain. These protein levels were corroborated by RT-PCR data, which also detected similar steady-state levels of interferon-␥ (data not shown).
To examine whether a generalized reduction in B6 transcripts occurs relative to the D2 mouse, RT-PCR was used to compare the expression of surrounding loci on chromosome 13 in B6 and D2 splenocytes 24 h after Con A stimulation. The glioblastoma oncogene homolog 3(Gli3) is 8 cM from the centromere, dihydrofolate reductase (Dhfr) is located at 51 cM, and calcium modulating ligand is located within the linked QTL at 35 cM (Caml). No significant differences were noted in transcript abundance or size between these strains of mice for these other loci (Fig. 3) .
IL-9 Gene Expression in the (B6D2)F 1 Cellular Environment. We reasoned that if our genetic mapping of biologic variability in bronchial responsiveness to the IL-9 locus was correct in B6 and D2 mice then the (B6D2)F 1 cell would demonstrate a reduced abundance of B6 transcript related to an unidentified alteration at the B6 locus. A polymorphic dinucleotide CA repeat marker that is contained within intron 3 of the IL-9 gene was used to identify which parental allele each transcript was generated from (Fig. 4A) . The B6 allele has three more dinucleotides than the D2 allele (14) . To assess the steady-state levels of IL-9 message produced by the B6 and D2 loci in the same cell, heteronuclear RNA were isolated, RT-PCR amplified, and cloned from splenocytes of (B6D2)F 1 mice stimulated for 24 h with Con A. Total RNA were amplified by using RT-PCR with intronic primers surrounding the CA repeat marker (see Materials and Methods), and cloned into T-tailed vectors. Two hundred recombinant clones were analyzed. The B6 message was significantly less abundant in comparison to the D2 allele (1:100 respectively), suggesting that a cis-acting element at the B6 locus results in the lack of induction to Con A and the reduced abundance of IL-9 mRNA and protein in this animal (Fig. 4B) . Genomic DNA were PCR amplified for the CA repeat, cloned into T-tailed vector, and analyzed. Twenty recombinant clones found equal amounts of both alleles thus ruling out a cloning bias for the D2 allele. 
DISCUSSION
In this study we identified the IL-9 gene as a positional gene candidate in allergic asthma based on linkage homology between humans and mice for bronchial responsiveness. We have utilized the BXD RI strains to identify a QTL which influences the expression of bronchial responsiveness that maps to a small region of chromosome 13 in the mouse that is syntenic with human chromosome 5q31-q33. By using this strategy, we were able to significantly reduce the effort required in the positional cloning of this candidate. The results described here suggest that allelic variation in IL-9 is responsible, in part, for biologic variability in baseline bronchial responsiveness between these inbred strains of mice. The bronchial hyporesponsive B6 strain was found to express markedly lower levels of IL-9 in lung than the hyperresponsive D2 strain, whereas (B6D2)F 1 mice appear to express intermediate levels. Interestingly, these F 1 mice have an intermediate bronchial response (18) , demonstrating a tight genotypephenotype correlation. The marked reduction of IL-9 expression between hyporesponsive B6 mice compared with hyperresponsive D2 mice was not observed for surrounding genes. Caml, which maps to the linked QTL and several other genes that span chromosome 13, failed to demonstrate any strain difference in expression. Thus, the genetic alteration associated with the differential expression of IL-9 in these mice is specific to this locus.
Significant biologic variability in airway responsiveness occurs in humans and baseline bronchial hyperresponsiveness is recognized as a risk factor for asthma (19) (20) (21) . Baseline airway responsiveness also differs between inbred strains of mice and rats, which is strongly controlled by genetic factors (7, 18, (22) (23) (24) . Recently, T cells were shown to regulate baseline murine airway responsiveness in the absence of an antigen challenge or gross airway inflammation (25) . Airway hyperresponsiveness was transferred to the hyporesponsive B6 mouse by administering T cell-enriched preparations from hyperresponsive mice. Thus, although factors affecting T cell growth and differentiation are well known to affect antigen response (26, 27) , they also are likely to be essential in determining the baseline airway response phenotype. IL-9 is a T cell growth factor, and experimental data have shown a correlation between IL-9 production and TH2-responses in vitro and in vivo (11, 28, 29) . TH2 cells are well documented to have a crucial role in the development of the allergic response and are presumed to be associated with the pathogenesis of asthma (26, 27) .
A pleiotropic role for IL-9 in allergic asthma is suggested by several independent studies describing its functions in vitro and in vivo (30) . Mediator release from mast cells by allergen has long been considered a critical initiating event in allergy. IL-9 was originally identified as a mast cell growth factor, and appears to up-regulate the expression of mast cell proteases including mMCP-1, mMCP-2, mMCP-4 (31), and granzyme B (32). Thus, IL-9 may serve a role in the proliferation and differentiation of mast cells. In addition, elevated IgE levels are considered to be a hallmark of atopic allergy and a risk factor for asthma, and in vitro and in vivo studies have shown IL-9 to potentiate the release of IgE from primed B cells (3, 33, 34) .
Based on the data presented, there is substantial support for the IL-9 gene candidate in asthma. First, we demonstrate linkage homology between humans and mice suggesting the same gene may be affected in both species. Second, differences in expression of the murine IL-9 candidate gene were associated with biologic variability in bronchial responsiveness. In particular, a loss of function is associated with a lower baseline bronchial response in B6 mice. Third, consistent with a role for this gene in both species, recent linkage disequilibrium data in humans suggest IL-9 may be associated with atopy and bronchial hyperresponsiveness (6) . Finally, the pleiotropic functions of this cytokine in the allergic immune response strongly support a role for IL-9 in the complex pathogenesis of asthma. Carefully executed epidemiologic studies will be required to describe the full extent to which this gene may play a role in the natural history of allergy and asthma. Nevertheless, our data suggest that further study of this gene, and perhaps associated genes in a related biologic pathway, may provide potentially useful insights into the pathogenesis of asthma.
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